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ABSTRACT 

DEVELOPMENT OF A MASS SPECTROMETER SYSTEM - PHASE 111 

A cold cathode ion  source (CCIS) of the  magnetron type has been 
developed f o r  use i n  u l t r ah igh  vacuum res idua l  gas ana lys i s .  The 
purpose i s  t o  e l imina te  t h e  spurious spec t r a  produced by t h e  conventional,  
hot f i lament  ion  source and t o  produce increased s e n s i t i v i t y .  

S tudies  were conducted using a comnercial quadrupole spectrometer;  
t he  quadrupole is  s u i t a b l e  because of i t s  r e l a t i v e  to le rance  f o r  a broad 
ion  beam and a la rge  spread i n  ion energies.  
op t imal ly  designed f o r  t he  CCIS, but  allowed both i t s  performance and 
p o t e n t i a l  t o  be evaluated. 

The comwrcia l  u n i t  was not  

Cold cathode quadrupole performance was s tudied  a8 a funct ion of 
numerous parameters t o  determine optbum opera t ing  conditions.  Resolution 
o f  mass peak8 
between peaks less than 10% t he  height  of e i t h e r  adjacent  peak. 
r e s o l u t i o n  was i d e n t i c a l  t o  t h a t  obtained wi th  the  comwrcia l  hot  f i lament  
source accompanying the  spectrometer and appeared l imi ted  by t h e  quadrupole 
i t s e l f .  

.7 amu a p a r t  was u l t imate ly  achieved, wi th  the  v a l l e y  
This  

S e n s i t i v i t y  exceeded t h a t  obtained wi th  the  hot  f i lament source. 
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' *  DEVELOPMENT OF A MASS SPECTROMETER SYSTEM 

By F. L. Torney, Jr. and P. Blum 

SUMMARY 

A c o l d  ca thode  i o n  s o u r c e  (CCIS) of t h e  magnetron t y p e  h a s  
been developed f o r  u s e  i n  u l t r a h i g h  vacuum r e s i d u a l  g a s  ana ly -  
sis. The purpose  is t o  e l i m i n a t e  t h e  s p u r i o u s  s p e c t r a  produced 
by t h e  c o n v e n t i o n a l ,  ho t  f i l a m e n t  i o n  pource and t o  produce in-  
c r e a s e d  s e n s i t i v i t y .  

S t u d i e s  w e r e  conducted u s i n g  a commercial  quadrupole  spec-  
trometer; t h e  quadrupole  is s u i t a b l e  because  of its r e l a t i v e  
t o l e r a n c e  for  a broad i o n  beam and a l a r g e  s p r e a d  i n  i o n  ene r -  
g ies .  The commercial u n i t  was n o t  o p t i m a l l y  des igned  f o r  t h e  
CCIS, b u t  a l lowed b o t h  its performance and p o t e n t i a l  t o  be eva lu -  
a t e d .  

I Cold cathode quadrupole  performance was s t u d i e d  a s  a f u n c t i o n  
of numerous pa rame te r s  t o  de termine  optimum o p e r a t i n g  c o n d i t i o n s .  
R e s o l u t i o n  of mass peaks .7 amu a p a r t  was u l t i m a t e l y  a c h i e v e d ,  
w i t h  the v a l l e y  between peaks  less t h a n  10% t he  h e i g h t  of either 
a d j a c e n t  peak .  T h i s  r e s o l u t i o n  w a s  i d e n t i c a l  t o  t h a t  o b t a i n e d  
w i t h  t h e  commercial ho t  f i l a m e n t  s o u r c e  accompanying t h e  s p e c t r o -  
meter and appeared  l i m i t e d  by t h e  quadrupole  i t s e l f .  S e n s i t i v i t y  
exceeded t h a t  o b t a i n e d  w i t h  the h o t  f i l a m e n t  s o u r c e ,  which was r u n  
w i t h  a 3 m a  e m i s s i o n  c u r r e n t .  I n c r e a s e d  s e n s i t i v i t y  f a c t o r s  o f  
1.5 t o  4 . 5  were o b t a i n e d  depending on p r e s s u r e  and a tomic  mass;  
t h e  c o r r e s p o n d i n g  a b s o l u t e  s e n s i t i v i t i e s  a t  optimum r e s o l u t i o n  were 
. 40  ma/Torr f o r  NZ8 a t  3 x 10-9 T o r r  and 1 . 2  ma/Torr f o r  A 4 0  a t  
1 x 10-7 Torr. Over t h e  10-8 and T o r r  p r e s s u r e  (p)  r a n g e s  
i n v e s t i g a t e d ,  quadrupole  c o l l e c t o r  c u r r e n t  (ic) obeyed t h e  r e l a -  
t i o n s h i p  i, = k p l . 2 ,  where K is a c o n s t a n t ;  a n  exponent  closer t o  
u n i t y  is expec ted  over  a l a r g e r  p r e s s u r e  r a n g e .  

0 
I 

The above r e s u l t s  were o b t a i n e d  u t i l i z i n g  a 2 .2  KV anode po- 
t e n t i a l  accompanied by a n  i o n  r e t a r d i n g  f i e l d  b e t w e e n  soiirce srrd 
quadrupo le  ; h o l l o w  c y l i n d r i c a l  magnets provided  1220 g a u s s  a t  t h e  
c e n t e r  of t h e  s o u r c e .  Smal le r  magnets p r o v i d i n g  840 g a u s s ,  and 
hav ipg  a third of t h e  volume of t h e  l a r g e r  magnets w e r e  a l s o  u s e d ;  
t h e y  gave  comparable r e s o l u t i o n  b u t  o n l y  h a l f  t h e  s e n s i t i v i t y  and 
they caused  g r c a t e r  o p e r a t i n g  mode i n s t a b i l i t y .  

1 



Fol 1C:wir ig  nrr i n v e s t  q a t  i o n  of S O I J I Y + ~  o p e r a t i n g  p a r a m e t e r s ,  
:;ens] t l v l t y  and r - e s ( o 1 u t i o n  were i n v e s t i g a t e d  a s  a f u n c t i o n  of 
quadrri) , .* lc  opera I i i ~ g  T Y . ~ ~ ~ I J F - ' I K ~  atid r f  arid dc  o p e r a t i n g  roteri-  
t i a l s ,  t h i s  w a s  t o  determine the e x t e n t  of b e n e f i t s  o b t a i n a b l e  
w i  tlr air I m p 1  oved quadrupole  des ign .  R e s u l t s  i nd ica  t e d  a poten-  
t i a l  s e n s i t i v i t y  improvement f a c t o r  of 10  w i t h  t h e  same s o u r c e  
c o n f i g u r a t i o n ,  r e s o l u t i o n  would be e q u a l  t o  o r  bet ter  t h a n  t h a t  
o b t a i n e d  t h u s  f a r .  If a n  improved quadrupole  would a l l o w  e n l a r g -  
i ng  t h e  source e x i t  a p e r t u r e s ,  a s t i l l  g r e a t e r  f r a c t i o n  of t h e  
s o u r c e ' s  i v t e r n a l  s e n s i t i v i t y ,  which is i n  the amps/Torr r e g i o n ,  
cou ld  be r p a l i z e d .  

1. INTRODUCTION 

Mass s p e c t r o m e t e r s  commonly u s e  a h o t  f i l a m e n t  t o  supp ly  
electrons for molecular  i o n i z a t i o n .  T h i s  method has a d i s t i n c t  
advan tage  i n  t h a t  l o w  energy  i o n s  are  produced which a re  e a s i l y  
focused  i n t o  a c o l l i m a t e d  beam f o r  s p e c t r o s c o p i c  a n a l y s i s .  How- 
e v e r ,  t h e  hot f i l a m e n t  c a u s e s  c e r t a i n  gases t o  decompose and i n  
u l t r a h i g h  vacuum a n a l y s i s  t h i s  c o n f u s i o n  is compounded by evolu-  
t i o n  of gases from t h e  s o u r c e  i t se l f  due t o  t h e  hea t  g e n e r a t e d .  
The pu rpose  of work r e p o r t e d  h e r e ,  based  on. s t u d i e s  r e l a t e d  i n  
ea r l i e r  reports  , I  ,2 is t o  a s c e r t a i n  t h e  m a s s  s p e c t r o m e t r y  capa- 
b i l i t i e s  of  a c o l d  ca thode  i o n  s o u r c e  (CCIS), so  t h a t  t h e s e  
d i f f  iciilt ies c a n  be e l i m i n a t e d .  

The source is d e r i v e d  from t h e  cold ca thode  magnetron t o t a l  
p r e s s u r e  gauge r e p o r t e d  by Redhead3. T h i s  gauge w a s  s e l e c t e d  a s  
a s t a r t i n g  p o i n t  because  i t  is c l e a n ,  i t  exceeds  t h e  s e n s i t i v i t y  
of t h e  common hot f i l a m e n t  gauge by a factor  of 50, and it is 
u s e a b l e  dc-wn Lo t h e  10-14 Torr r a n g e .  Compared to t h e  h o t  f i l a -  
ment s o u r c e ,  the  CCIS g e n e r a t e s  h i g h  i o n  e n e r g i e s .  I t  has  t h e r e -  
f o r e  been  coupled  to a quadrupole  mass s p e c t r o m e t e r  where energy  
r e q u i r e m e n t s  a re  r e l a t i v e l y  n o n - s t r i n g e n t .  The r e s u l t s  of opt imi-  
zing and c h a r a c t e r i z i n g  the CCIS-quadrupole a re  d i s c u s s e d  h e r e i n .  
Bahm and G h ~ t h e r ~ : , ~  also have r e p o r t e d  r e s u l t s  of combining a 
quadrupo le  a n a l y z e r  with a cold ca thode  i o n  s o u r c e ,  of t h e  Penning 
t y p e .  T h i s  combina t ion  is found u s e f u l  for p r e s s u r e s  above abou t  
10-6 Torr, hiit t h e  soiirce was not  o p e r a t e d  i n  t h e  u l t r a h i g h  
vacuum r e g i o n .  

0 2  



0 2 ,  APPARATUS 

2 . 1  Vacuum System 

Tbe vacuum sys tem used  is shown s c h e m a t i c a l l y  i n  F i g u r e  1. 
I t  IC; d i v i d e d  i r 1 1 . 0  upper and lower mani fo ld  u n i t s ,  w h i c h  a l l o w s  
t h e  upper p o r t i o n  to  be oven baked w h i l e  be ing  pumped from he- 
l o w  Sub :eyuen,t to  b a k e o u t ,  t h e  upper  m a n i f o l d ,  t h u s  c l e a n e d ,  
is va Lvcd ~ > f  f arid pumped by t h e  upper  i o n  pump. 

T h e  tipper mani fo ld  c o n s i s t s  of t h e  quadrupo le  s p e c t r o m e t e r ,  
a M(1dulated Bayard-Alper t  gauge ,  a n  11 l i t e r  per second U l t e k  
Mode1 10-252 ion .  pump, a bakeab le  Var i an  u l t r a h i g h  vacuum v a l v e  
for i w l a t i a g  the upper mani fo ld  from t h e  lower and a bakeab le  
Var i an  v a l v e  for i s o l a t i n g  the upper  i o n  pump. A t h e r m o s t a t i c a l l y  
(.oritrolled oven is used  f o r  baking  t h e  upper  man i fo ld  sys tem.  
F i g u r e s  2 and 3 show two views of t h e  expe r imen ta l  a p p a r a t u s .  

The lower. man i fo ld  c o n s i s t s  of a 20 l i t e r / s e c o n d  Ultek Model 
10-354 i n n  pump, a 2400 l i t e r / s e c o n d  mechanica l  pump, a Var i an  
z e o l i t e  s u r p t i o n  pump, a p o r t  f o r  f e e d i n g  g a s  t o  t h e  sys t em and 
a s s o c i a t e d  v a l v e s  for c l o s i n g  o f f  t h e  pumps and gas s u p p l y  i n l e t .  
The pumping speed  of t h e  system w a s  i n t e n t i o n a l l y  made s m a l l  t o  
d e t e c t  rwtgas.:ing i n  t he  CCIS spectrometer. 

2 2 Quadrupole Spec t r 0 m . e  ter  

On t h e  bas i s  of a f e a s i b i l i t y  s t u d y  of t h e  c o l d  cathode i o n  
seurce6 ~ i t  wa5 concluded  t h a t  a quadrupo le  mass s p e c t r o m e t e r  
would be m o s t  suitable for a n a l y s i s  of t h e  s o u r c e ’ s  h ighe r  i o n  
e n e r g i e s  and larger beam cross s e c t i o n .  An U l t e k  Model 200 quadru- 
pole was selected, equipped  w i t h  a s t a n d a r d  h o t  f i l a m e n t  i o n i z e r .  
T h e  l a t te r  p e r m i t t e d  s p e c t r o m e t e r  performance compar isons  between 
both types of s o u r c e s .  A d i s c u s s i o n  o f  t h e  compara t ive  character- 
i s t i c a s  of three commercial quadrupo les  and of t h e  r e a s o n s  for 
selet ting t h e  U l t e k  u n i t  is g i v e n  i n  Appendix A .  

Ncrrie of t he  commerc ia l ly  a v a i l a b l e  a n a l y z e r s  had  t h e  opt i i i i i~n 
r.har-2: ! c;”l:: ii;- d e s i r e d  tor o p e r a t i o n  w i t h  t h e  CCIS for r e a s o n s  
t o  be diw’1iG;Sed i n  Appendix A. However, t h e  U l t e k  u n i t  was chosen  
be fause  it had the bes t  r e s o l u t i o n  a v a i l a b l e  and because  i t  was 
r a p a b l e  of s c a n n i n g  a u t o m a t i c a l l y  i n  a mode i n  which  peak w i d t h  
I - c - m a i r l c ,  ( o r l % t a n t  w i t h  mass; t h i s  is d e s i r a b l e  for t h e  CCIS because  
~ o r i  enr’rgy 1 ec;tric*Lion.; a r e  less  s t r i n g e n t  and because  s e n s i t i v i t y  
LS. 1 0 t i  energy is c-onstant w i t h  mass. The s p e c t r o m e t e r  was used  

3 
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w i t h  a Faraday cup  i o n  col lector  ra ther  t h a n  w i t h  an e l e c t r o n  
m u l t i p l i e r  t o  a l low d e t e r m i n a t i o n  of b a s i c  s p e c t r o m e t e r  c h a r a c t e r -  
is t ics,  such  a s  s e n s i t i v i t y ,  w i t h o u t  a m p l i f i c a t i o n  v a r i a t i o n s  and 
w i t h  a minimum of spectral  p e r t u r b a t i o n s .  

Quadrupole s p e c i f i c a t i o n s  p e r t i n e n t  t o  a t h e o r e t i c a l  a n a l y s i s  
of r e s u l t s  a r e  a s  f o l l o w s :  Opera t ing  f r e q u e n c i e s  ( I ! )  a r e  5.3 m c  
and 3.3 m c  on t h e  l o w  and medium mass r a n g e s ,  r e s p e c t i v e l y .  Maxi- 
m u m  a v a i l a b l e  r f  p o t e n t i a l  (V) is 1000 v o l t s .  The r a d i u s  (ro) of  
t h e  c i rc le  i n s c r i b e d  by t h e  quadrupole  rods is 2.7 mm. The e n t r a n c e  
a p e r a t u r e  d i ame te r  is a l s o  2.7 mm. Rod l e n g t h s  a r e  11.3 cm. 

2.3 Cold Cathode Ion Source 

Th c o l d  ca thode  i o n  s o u r c e  (CCIS) is a m o d i f i c a t i o n  of t h e  
Redhead s magnetron gauge.  An assembly drawing of t h e  s o u r c e  
a t t a c h e d  t o  t h e  quadrupole  is shown in F i g u r e  4 .  To a l l o w  i o n  ex- 
t r a c t i o n ,  t h e  s i n g l e  s p o o l  shaped ca thode  d e s i g n  used i n  t h e  gauge 
is s e p a r a t e d  i n t o  two c a t h o d e s ,  one  w i t h  a remnant stub ( K l )  which 
is 9.7  mm l ong  and 3.1 mm i n  d i a m e t e r .  A l l  r emain ing  e l e c t r o d e  d i m -  
e n s i o n s  remain a s  i n  t h e  gauge. The horseshoe magnet o r d i n a r i l y  
used  has been r e p l a c e d  by hollow c y l i n d r i c a l  ceramic  magnets .  Dim- 
e n s i o n s  and f i e l d  s t r e n g t h s  of t h e  magnets used a r e  g i v e n  i n  S e c t i o n  
3.7. F i g u r e  5 shows two views of t h e  CCIS/'Quadrupole w i t h o u t  i ts 0 e x t e r n a l  hous ing .  

Source  e l e c t r o d e s  a r e  suppor t ed  on a s t a i n l e s s  s t e e l  c y l i n d r i -  
A u x i l i a r y  c a t h o d e s  are  c a l  hous ing  ma in ta ined  a t  ground p o t e n t i a l .  

welded to  i t  d i r e c t l y .  The anode is a t t a c h e d  and i n s u l a t e d  by 
s a p p h i r e  s p h e r e s .  I t  is n o t  p e r f o r a t e d  a s  i n  t h e  Redhead gauge.  
Cathodes  K 1  and K2 are suppor t ed  and i n s u l a t e d  by g lass  s t u d s .  
a r rangement  p r o v i d e s  independent  e l e c t r o n i c  a c c e s s  t o  t h e  anode and 
each cathode; i t  a l so  p r o v i d e s  a guard  r i n g  d e s i g n  w h i c h ,  by  p re -  
v e n t i n g  l eakage  between e l e c t r o d e s ,  p r e v e n t s  i n t e r f e r e n c e  w i t h  l o w  
l e v e l  c u r r e n t  d e t e c t i o n .  

T h i s  

The s o u r c e  hous ing  is p e r f o r a t e d  and a t tached t o  the quadrupo le  
w i t h  heavy r e f r a c t o r y  w i r e  and a s l o t t e d  s l e e v e ;  d i s t a n c e  between 
t h e  f a c e s  of K2 and t h e  quadrupole  a p e r t u r e  p l a t e  was ma in ta ined  
a t  2 . 4  mm (as c l o s e  a s  poss ib le  wi thou t  c a u s i n g  a r c i n g  between 
electrodes).  R i g i d i t y  and h i g h e r  conductance  t o  t h e  e x h a u s t  p o r t  
w e r e  t h u s  p rov ided .  

Tungsten mesh s c r e e n s  were used ove r  t h e  K2 a p e r t u r e  and t h e  
q u a d r u p o l e  e n t r a n c e  a p e r t u r e  for t h e  f o l l o w i n g  r e a s o n s :  ( a )  t o  
a l l o w  t e s t i n g  of t h e  e f fec t  of p o t e n t i a l  d i f f e r e n c e s  between these 
components w i t h o u t  c a u s i n g  beam d e f o c u s i n g ,  (b) t o  i s o l a t e  magnetron 
and quadrupo le  electric f i e l d s  and (c)  t o  f l a t t e n  t h e  magnetron 
p o t e n t i a l  d i s t r i b u t i o n  a t  K2 which otherwise b u l g e s  t h r o u g h  t h e  K2 
a p e r t u r e ;  t h i s  is to reduce  ion  d e f o c u s i n g  aad r e < u l t a n t  s e n s i t i v i t y  
losses .  0 
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3. PROCEDURES AND RESULTS e 
QuadrUpOle s p e c t r o m e t e r  performance was first i n v e s t i g a t e d  

with t h e  m a q u f a c t u r e r ' s  hot f i l a m e n t  s o u r c e ,  w h i c h  accompanied 
t h e  quadrupole .  T h i s  was t o  ach ieve  f a m i l i a r i t y  w i t h  t h e  s p e c t r o -  
meter t o  de t e rmine  its c h a r a c t e r i s t i c s  and t o  e n a b l e  performance 
comparisons to  be made between t h e  two s o u r c e s .  S t u d i e s  u t i l i z i n g  
t h e  h o t  f i l a m e n t  s o u r c e  a r e  d i s c u s s e d  i n  Appendix B. 

CCIS/Quadrupole performance was i n v e s t i g a t e d  a s  a f u n c t i o n  of 
t h e  pa rame te r s  d i s c u s s e d  below, f i r s t  t o  de te rmine  optimum s o u r c e  
o p e r a t i n g  c o n d i t i o n s  and second ,  to  n o t e  t h e  r e s u l t a n t  s p e c t r o -  
meter r e s p o n s e  t o  mass and p r e s s u r e  v a r i a t i o n s .  During t h e  f i r s t  
p a r t  of t h e  i n v e s t i g a t i o n ,  n i t r o g e n  was used  a s  t h e  test  gas a t  a 
p r e s s u r e  of 5.4  x 10-9 Torr. I n i t i a l l y ,  a 5 . 0  KV anode p o t e n t i a l  
w a s  used and ca thode  p o t e n t i a l s  V K 1  and VKZ were k e p t  a t  zero v o l t s ;  
t h e r e a f t e r ,  v a l u e s  were used  which s u c c e s s i v e l y  were shown to g i v e  
t h e  best r e s o l u t i o n  and s e n s i t i v i t y .  

3.1 Performance v s .  Quadrupole R e s o l u t i o n  S e t t i n g  

A f a m i l y  of n i t r o g e n  s p e c t r a  w e r e  r eco rded  as a f u n c t i o n  of 
quadrupo le  r e s o l u t i o n  d i a l  s e t t i n g s .  The l a t t e r  co r re spond  t o  
r a t i o s  9f dc  and rf r o d  p o t e n t i a l s ,  U and V r e s p e c t i v e l y ,  i n  P a u l ' s 8  
e q u a t i o n  f a r  quadrupole  spec t romete r  r e s o l u t i o n  a 

M P 

om 0.126 
0,16'm4 - V (3 .1 .1 )  

where M is t h e  atomic m a s s  and A M  t h e  peak wid th  a t  i t s  b a s e ,  
Spectral r e s o l u t i o n  changes were determined by comparing t h e  f u l l  
w i d t h  a t  h a l f  maximum (FWHM) of t h e  n i t r o g e n  peaks .  Exper imenta l  
r e s o l u t i o n  improved as d i a l  s e t t i n g s  proceeded toward h i g h e r  
theore t.ic:al r e s o l u t i o n ;  s e n s i t i v i t y  co r re spond ing ly  d e c r e a s e d  ( a s  
p r e d i c t e d  by t h e o r y )  u n t i l  a s e t t i n g  was reached (4 .95 )  beyond 
w h i c h  s e n s i t i v i t y  c o n t i n u e a  t o  deei-eass ~ l n  f u r t h e r  r e s o l u t i o n  
improvement. T h i s  s e t t i n g  was t h e n  s e l e c t e d  a s  optimum and used  
i n  subsequen t  expe r imen t s .  



3.2 Performance vs. CCIS Anode Potential 

As with resolution setting experiments, FWHM measurements were 
made vs. anode potential (VA) on a family of nitrogen spectra. This 
was done both on the low and medium mass ranges (1-50 amu and 10- 
150 amu, respectively). The optimum value of VA for both ranges was 
in the vicinity of 2 . 0  KV (compared with 5.0 KV normally used in 
magnetron total pressure gauges). Figure 6 illustrates, for the 
medium mass range, the resolution improvement and accompanying 
sensitivity reduction existent as a function of VA. 
that the discharge was unstable at 5.0 KV). 

(It is evident 

3.3 Performance VS. CCIS Magnet Position 

Using the optimum resolution setting and optimum anode potential 
discussed above, spectra were recorded against magnet position; first 
axially and then rotationally. 
as determined by FWHM, were selected. Unlike spectral variations 
with resolution setting and with anode potential, no sensitivity loss 
accompanied the positionally improved resolution. Resolution was 
found optimum when the magnet's center coincided with the midplane 
between cathodes K1 and K2. A + 3 mm axial magnet movement caused 
about a 20% broadening of the pzak's FWHM. A 10% FWHM maximum vari- 
ation oecured with rotational positioning. 

Positions giving optimum resolution, 

0 
3.4 Performance vs. CCIS Ion Retarding Potential 

Acceleration and retardation of ions prior to their entrance 

while the quadrupole entrance aperture was 
to the quadrupole was effected by equal alteration of cathode 
potentials V K ~  and V 
maintained grounded .K2 Acceleration was found to degrade quadrupole 
resolution while retardation improved it. This improvement, coupled 
with that obtained by lowering the anode potential (discussed above), 
points to high ion energy as an important resolution limiting factor, 

Nitrogen peak narrowing, produced by increasing retardation 
potentials, is shown in Figure 7 for some of the values investigated. 
A 300 volt retardation potential was found optimum, when accompanying 
a 2.0 KV (later 2 . 2  KV) anode potential. For this determination the 
10% valley criterion*was used, the FWHM criterion being abandoned due 
to improved resolution. 

*Peak separation which allows a valley less than 10% the height of 
either adjaceii peak. With one peak, an equivalent criterion was 
used; the separation between 5% of the peak height on either side of 
the peak's center Bine. 
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3 , s  Performance v s .  P o t e n t i a l  Between CCIS Cathodes 0 
WherI t r a k i r r g  catLclde p o t e n t i a l  V K ~  > 'JK , Y e S o l U t i O r i  d e t t i  : " t  - 

a ted  rjb\ili.us:iy. For ' J  
w i t h  ITK a t  -300 volts; 'resolu ion  remained c o n s t a n t  and s e n s i t i v i t y  
d e c l l s e a ,  (2) w l t h  V K ~  a t  z e r o  v o l t s ,  r e s o l u t i o n  improved b u t  n o t  t o  
t h e  e u t e l q t  ach ieved  by e q u a l  v a r i a t i o l l  of ca thode  p o t e n t i a l s ,  no ted  
111 Sec-ticjrl 3.4 above. T h i s  i n v e s t i g a t i o n  was, therefore ,  conc luded .  

< VK?, two c o n d i t g o n s  w e r e  t e s t ed :  (1) 

3.6 Performan.ce v s .  Quadrupole  Mass Range (Frequency) 

F i g u r e  8 shows n i t r o g e n  s p e c t r a  o b t a i n e d  on the low an.d medium 
mass r a n g e s  u s i n g  optimum c o n d i t i o n s ,  a s  d i s c u s s e d  above. Only a 
p o r t i o n  of the s p e c t r a  are  shown and scales  are normal ized  t o  the 
same mass scale. The s u p e r i o r  r e s o l u t i o n  and s e n s i t i v i t y  of t h e  l o w  
mass range is obvious .  (The n o i s e  on  t h e  medium mass spec t rum is i n  
t h e  X-Y r e c o r d e r . )  R e s o l u t i o n  a t  t h i s  stage of i n v e s t i g a t i o n  ( u s i n g  
t h e  10% v a l l e y  c r i t e r i o n ) . a l l o w e d  peak  s e p a r a t i o n s  of  2 . 5  amu and 
1.5 amu for t h e  medium and l o w  mass r a n g e s ,  r e s p e c t i v e l y .  These 
v a l u e s  were r e p r o d u c i b l e .  The impliea t i o n s  of  t h e  s p e c t r a l  d i f f e r -  
e n c e s  as a f u n c t i o n  of mass scanning  r a n g e  w i l l  be d i s c u s s e d  i n  
S e c t i o n  4.  

3.7 Performance vs .  Magnet S i z e  

Experiments heretofore descr ibed ,  were performed w i t h  a ho l low,  
c y l i n d r i c a l ,  c-eramic magnet s t ack  w i t h  a 11.4 c m  O . D . ,  a 4 . 8  c m  I . D .  
and a 5.7 crm l e n g t h .  Most of t h e s e  expe r imen t s  were r e p e a t e d  u s i n g  
a smaller  magnet s tack w i t h  a 8.9 cm O.Dr, 4 .8  c m  I . D .  and 3.8 c m  
l e n g t h .  Axla l  magnet ic  f l u x  d e n s i t i e s ,  i n  g a u s s ,  f o r  t h e  la rge  
and s m a l l  magnets ,  r e s p e c t i v e l y ,  were a s  f o l l o w s :  (a) on a x i s  a t  t h e  
magne t ' s  c e n t e r ,  1220 and 838; (b) on ax i s  at t h e  magne t ' s  e d g e ,  397 
and 368; ( e )  on t h e  i n s i d e  w a l l  of t h e  magnet a t  the  magnet ' s  c e n t e r ,  
1426 and 957. 

T h e  spectra o b t a i n e d  w i t h  t h e  smal l  magnet were v e r y  s imi l a r  t o  
those o b t a i n e d  w i t h  t h e  l a r g e  magnet. R e s o l u t i o n  a t  t h i s  s t a g e  of 
i n v e s t i g a t i o n ,  a l lowed peak s e p a r a t i o n s  of 3 .0  amu and 1 . 5  amu (us ing  

t i v e l y .  T h i s  compares w i t h  2 . 5  amu and 1 .5  amu, r e s p e c t i v e l y ,  f o r  
t h e  l a r g e  magnet. S e n s i t i v i t y  was s l i g h t l y  b e t t e r  than  h a l f  t h a t  
o b t a i n e d  w i t h  t h e  l a r g e  magnet. Most s i g n i f i c a n t l y ,  t h e  smal l  
magnet d i s p l a y e d  compara t ive ly  l a r g e  o p e r a t i n g  mode i n s t a b i l i t i e s ;  
dur1n.g one mode change ,  t h e  e n t i r e  n i t r o g e n  peak t e m p o r a r i l y  d i s -  
a p p e a r e d .  

t2e  i n @  - * - 1 l n * y  - - - i+nrinn\ c ) ~  t h e  me6ii~m a-tt ~ C J W  ma15 T Z ~ ~ U Q C  T - P c . ~ ~ c -  m - - 7  - - -  A"," Y c i l  L\.J " I  A. U b A  --.a, 
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Figure 8 

Performance of CCIS/Quadrupole Spectrometer 
on Two Mass Ranges 
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Fur. t ber development might e s t a b l i s h  r e l i a b l e  o p e r a t i o r )  w i t h  
1 J t t I C  0 1  L , )  los5 of r e s o l u t i o n  or s e n s i t i v i t y .  perhap.--. fox- , 1  111 
+via I lcr magnets. At, p r e s e n t ,  however, t h e  l a r g e r  rnagnLet g ib€ ; . -  .A 
m ~ r  e - : t a b l e  avid s e n c ; i t i v e  performance. 

0 
I 

3.8 Performance v s .  Spectrometer  C l e a n l i n e s s  

I T h e  CCIS/Quadrupole and upper mani fo ld  were baked a t  425'C f o r  
t w n  days  p r i o r  t o  the  t e s t s  t o  be d e s c r i b e d  n e x t .  T h i s  w a s  i n  pre-  
p a r a t i o n  f o r  t e s t i n g  c o l l e c t o r  c u r r e n t  l i n e a r i t y  w i t h  pres*-ure and 
for  de t e rmin ing  a b s o l u t e  s e n s i t i v i t y .  

The bak ing  r e s u l t e d  i n  a n  unexpected r e s o l u t i o n  improvement. 
Peak s e p a r a t i o n s  of 1 amu and .7 amu i n  t h e  medium and l o w  mass 
r a n g e s ,  r e s p e c t i v e l y ,  were o b t a i n e d  where 2 . 5  amu and 1.5 amu 
e x i s t e d  p r e v i o u s l y .  The poorer r e s o l u t i o n  i n  the d i r t i e r  system 
is believed produced by i n c r e a s e d  secondary  i o n  e m i s s i o n ,  caused  by 
i o n s  or electrons from t h e  s o u r c e  bombarding the quadrupole  r o d s .  
Seccmdaxy 10'3s thus produced par t  way down t h e  r o d s  would n o t  be  
fully r e s o l v e d  and c o u l d  cause  t h e  observed  r e s o l u t i o n  d e t e r i o r a t i o n .  

As rloted i n  t h e  summary, one of t h e  o b j e c t i v e s  of tbis program 
is t o  improve t h e  c l e a n l i n e s s  of a quadrupole  s p e c t r o m e t e r  by u s i n g  

ed d u r i n g  t h e  program i n  a n  attempt t o  determirne, a t  lear-lt q u a l i -  
t a t  i v e l y  the c l e a n l i n e s s  of t h e  s p e c t r o m e t e r .  I t  w a s  not p o s s i b l e ,  
however,  t o  compare the  h o t  cathode and cold ca thode  v e r s i o a s  of 
t h r s  spectrometer s i m u l t a n e o u s l y  under  t h e  same c o n d i t i o n s .  There- 
f n r e ,  t h e  results to be d e s c r i b e d  n e x t  must not be c o n s i d e r e d  com- 
p l e t e l y  c o n c l u s i v e .  

l a cold cathode i o n  s o u r c e .  Accord ingly ,  c e r t a i n  tests were conduct-  0 

To .;lmulate a h o t  f i l a m e n t  ion s o u r c e ,  t h e  Modulated Rayard- 
A l p e r t  gauge w a s  used. When t h e  gauge is o 2 e r a t i n g  t h e  roc*esses 

i n  h o t  f i l a m e n t  spec t rometers ,  should  a l s o  occur i n  t h e  Bayard-Alpert  
gauge .  The magnitude of these anomalous peaks w i l l  depend 9n many 
f a c t o r s  such  a s  f i l a m e n t  t e m p e r a t u r e s ,  e l e c t r o n  emiss ion  and on 
initiai gauge c i~a i i : i r izss .  T h e r e f w e ,  the Bapard-Alpert  gauge opera-  
t i o n  s h o u l d  g i v e  rise t o  t h e  p roduc t ion  of  these s p u r i o u s  peaks .  I t  
i s  to  be p l> ted ,  however, t h a t  t h e  Bayard-Alpert  gauge has  had t h e  
b e n e f i t  o f  a r i g o r o u s  o u t g a s s i n g  procedure  and t h e  e n t i r e  system had 
bcen p~urnpd down, for approximate ly  30 days  b e f o r e  t h e  f i r s t  t es t  
t o  be des( . r - ibed w a s  begun. F igu re  9 shows t h e  r e s u l t s  o f  t b i s  
l e s t .  The tet-t sequence is from t h e  bottom t o  t h e  t op  of t h e  
f ig i t re  and t h e  s c a n s  are  l a b e l l e d  I th rough V ,  S c a r  T shows t h e  
baclrgi ()urid s p e c t r a  of t h e  s y s t e m  a s  d e t e r m i n e d  b y  f l ie CCTS,'Quadrupolc, 
T t ~ c \  1:r:;at.d-Alner t ('at1g.e has been turned of f  f o r  18 h o u r s .  

which give rise t o  t h e  s p u r i o u s  spectra (C', O+, CO+, CO E 2, e t c )  
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Figure 9 
Background Spectra Produced by Bayard-Alpert Gauge 

17 



Scan I1 s h o w s  t h e  spec t rum immediately a f t e r  turn-on of t h e  Bay- 
a 3 d - A 1 p c r . t  gauge.  T h e  t y p i c a l  peaks of C' ,  0'. CO', apd p i - . i i b l y  
C 0 2 +  a r t '  y e e n .  Scans I11 and I V  show t h e  COt peak 2 and 3 hc.m-s 
a f t e r  i n i t i a l  5 ta i - t  of t h e  Bayard-Alpert  gauge.  I t  is notewc>rthy 
t h a t  t he  CO+ peak is st i l l  p r e s e n t .  Scan V shows c o n d i t i o n b  on ly  
f i v e  m i n u t e s  a f t e r  t u r n i n g  off t h e  Bayard-Alpert  gauge.  The CO+ 
peak has  decayed more n o t i c e a b l y  i n  t h e  f i v e  minute  p e r i o d  between 
XV and \ t h a n  i n  t h e  one hour p e r i o d  between s c a n s  111 and 11'. I t  
is obvious t h a t  t h e  i n i t i a t i o n  of t h e  h o t - f i l a m e n t  gave rise t o  
( e r t a i n  peaks w h i c h  a r e  not e a s i l y  removed, d e s p i t e  con t inuous  
pumping, a s  lopg a s  t h e  Bayard-Alpert  gauge is o p e r a t i n g .  The pro-  
d u c t i o n  of these peaks  t h e r e f o r e  is not  s imply  a s i n g l e  d e s o r p t i o n  
p r u c e s s  , b u t  ixwolves a d e s o r p t i o n - a d s o r p t i o n  c y c l e  r e q u i r i n g  a 
long t i m e  t o  cvercome. A number of such c y c l i c  i n t e r c h a n g e s  a r e  
known to e x i s t  w i t h i n  Bayard-Alpert  gauges .  

The Hz+ and He+ e a k s  are a l s o  n o t i c e a b l e  i n  a l l  t h e  s c a n s .  
The hydrogen peak (H2 P ) w i l l  be  d i s c u s s e d  s h o r t l y .  The hel ium (He') 
peak is probably  a remnant from an  a c c i d e n t a l  over-exposure t o  
hel ium (above 10-3 T o r r )  which occur red  weeks b e f o r e .  The  system 
was not baked subsequent  t o  t h i s  exposure .  

Figure 10 shows a second a t t e m p t  a t  d e f i n i n g  s p e c t r o m e t e r  
cp leanl iness .  For t h i s  t es t ,  t h e  UHV v a l v e  shown i n  F i g u r e  1 be- 
tween the upper  ion pump and upper mani fo ld  was removed and p l a c e d  
between t h e  C.CTS/Quadrupole spec t romete r  and t h e  upper man i fo ld .  
T h i s  i . u n f i g u r a t i ~ m  is shown i n  F igu re  3 .  W i t h  t b i s  v a l v e  i n -  
t e r v e n i n g  t h e  s p e c t r o m e t e r  and the sys t em,  i t  is p o s s i b l e  ti, 
i s o l a t e  the Spec t romete r .  Three c o n d i t i o n s  a r e  shawn i n  t h i s  
f i g u r e .  I n  the f i r s t ,  the spectrum of t h e  e n t i r e  sys tem is 
shown.  The upper i o n  pump and Bayard-Alpert  gauge a r e  o p e r a t i n g  and 
t h e  v a l v e  between t h e  spec t romete r  and t h e  s y s t e m  is  open. The 
middle  scan  was taken w i t h  t h e  ion  pump off  to  de te rmine  what g a s e s  
a r e  heir,g removed by t h e  i o n  pump. I n  both  t h e  f o r e g o i n g  c a s e s ,  hy- 
drogen  ( H 2 + >  15 t h e  only r e s i d u a l  d e t e c t a b l e .  When t h e  s p e c t r o m e t e r  
is i s o l a t e d  w e  no t ice  a v e r y  l a r g e  i n c r e a s e  i n  t h e  H2+ peak ,  togeth- 
er w i t h  a s m a l l  Helium (He+) peak. The s o u r c e  of t h e  hydrogen peak 
is not known. I t  may be anywhere i n s i d e  t h e  spec t romete r  and/or 
v a l v e  c o n f i g u r a t i o n .  P r e s e n t  s p e c u l a t i o n  is t h a t  t h e  s t a i n l e s s  
s t ee l  of t h e  s p e c t r o m e t e r  housing may be t h e  source. Redhead* h a s  
e x p e r i e n c e d  s i m i l a r  r e s u l t s  u s ing  a r i g o r o u s l y  c l e a n e d  h o t - f i l a m e n t  
s p e c t r o m e t e r  a t t a c h e d  t o  a s t a i n l e s s  s teel  sys tem.  I n  any e v e n t ,  

-- * 
From a p r i v a t e  communication 
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@ t h e  f a m i l i a r  Cs , O+, COf and C02+ s p e c t r a  were n o t  observed  w i t h  
t J i e  s p c c  ti*cmeter i s o l a t e d .  The c e n t e r  scan ( i o n  pump of f  j 
r a i s e s  the q u e s t i o n  ab  t o  why so  l i t t l e  hydrogen w a s  observcbd 
w i t h  t h e  i o n  pump on or  off. The answer is  t h a t  t h e  c l e a n  t i t a n i u m  
s u r f a c e s  i n  t h e  i o n  pump is an  e x c e l l e n t  hydrogen g e t t e r  w h e t h e r  
t h e  pump is o p e r a t i n g  or n o t .  

A s  no ted  p r e v i o u s l y ,  and a s  w i l l  be  noted  i n  a l a t e r  s e c t i o n ,  
c o n c l u s i v e  tests of t h e  CCIS/Quadrupole c l e a n l i n e s s  must a w a i t  
a s imul t aneous  comparison between t h e  hot  and c o l d  ca thode  v e r s i o n s  
of t h e  i nc t rumen t  under s i m i l a r  c o n d i t i o n s .  With t h e  e x c e p t i o n  of 
hydrogen ,  on ly  remnant amounts of r e s i d u a l  g a s e s  have been n o t e d .  

3.9 Performance v s .  P r e s s u r e  

3.9.1 R e s o l u t i o n  v s .  Pressure - R e s o l u t i o n  improved s l i g h t l y  
w i t h  i n c r e a s e d  p r e s s u r e ,  b u t  i o n  r e t a r d i n g  p o t e n t i a l  had t o  be re- 
duced t o  p r e v e n t  s p e c t r a l  e x t i n c t i o n ;  i o n  energy  a p p a r e n t l y  d e c r e a s e s  
w i t h  iqcreasing p r e s s u r e .  In accordance ,  a r e t a r d i n g  p o t e n t i a l  j u s t  
under  t h a t  c a u s i n g  s p e c t r a l  e x t i n c t i o n  appeared  optimum; t h e  v a l u e s  
no ted  a t  s e v e r a l  p r e s s u r e s  were as f o l l o w s :  300 v o l t s  a t  5 . 4  x 10-9 
Torr, 200 v o l t s  a t - 3 . 8  x 10-8 T o r r ,  7 5  v o l t s  a t  1 . 2  x lo-' Torr, 54 
v o l t s  a t  2 . 3  x Torr. a 

F i g u r e  11 shows a medium mass r ange  spec t rum of a n  i n e r t  gas 
mixture, o b t a i n e d  a t  2 .3  x 10-6 Torr  subsequent  t o  a 425OC bakeou t .  
I t  is e v i d e n t  from t he  X e 1 3 1  and Xe132 peaks  t h a n  a 1 amu s e p a r a t i o n  
has been  o b t a i n e d  u s i n g  t h e  10% v a l l e y  c r i t e r i o n .  On t h e  low mass 
r a n g e  r e s o l u t i o n  b e t t e r  t h a n  7 amu w a s  o b t a i n e d .  A l o w  mass r ange  
methane spec t rum a t  2 .5  x Torr is shown i n  F igu re  1 2 ;  a l t h o u g h  
not  optimum, the  same r e t a r d i n g  p o t e n t i a l  was used a s  a t  2.3 x low6 
Torr, A .7 amu peak s e p a r a t i o n  can be deduced a t  mass 16 u s i n g  t h e  
s i n g l e  peak 10% v a l l e y  c r i t e r i o n .  T h i s  r e s o l u t i o n  is e q u a l  t o  or 
better t h a n  t h a t  o b t a i n e d  by the  a u t h o r s  u s i n g  t h e  h o t  f i l a m e n t  
s o u r c e  s u p p l i e d  as s t a n d a r d  equipment w i t h  t h i s  quadrupo le ;  i t  
a p p e a r s  therefore t h a t  r e s o l u t i o n ,  a t  t h i s  p o i n t ,  is l i m i t e d  by t h e  
quadrupo le  i t s e l f .  

I t  is of i n t e r e s t  t o  n o t e  t h e  v e r y  s m a l l  peak a t  mass 17  which  
is f u l l y  r e s o l v e d ,  a l though  on ly  one mass u n i t  s e p a r a t e s  i t  from 
t h e  l a r g e  mass 16 (CQ+) peak. T h e r e f o r e ,  r e s o l u t i o n  is g r e a t e r  
on t h e  h ighe r  mass s i d e  of a g iven  peak t h a n  on t h e  lower s i d e .  
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mate ly  3 x 
on t h e  low mass r ange  and f o r  A40 and Krg4 on t h e  medium mass r a n g e .  
A c o n s t a n t  100 v o l t  i o n  r e t a r d i n g  p o t e n t i a l  was used  and t h e  fo l low-  
i n g  p rocedure  adop ted :  ( a )  Bayard-Alpert  gauge emiss ion  c u r r e n t  
was a d j u s t e d  f a r  each g a s ,  acco rd ing  t o  r e l a t i v e  s e n s i t i v i t i e s  
t a b u l a t e d  for h s h m a n  and Young i n  Dushmang, t o  g i v e  a c o n s t a n t  
p r e s s u r e  s e n s i t i v i t y  of .01 amps/Torr, (b)  The quadrupole  was s e t  
manual ly  a t  t h e  peak of t h e  mass under  i n v e s t i g a t i o n ,  ( c )  The  
i o n  pumps w e r e  va lved  o f f  and t h e  g a s  under  i n v e s t i g a t i o n  admi t t ed  
s l o w l y  t o  m a i n t a i n  p r e s s u r e  e q u i l i b r i u m  between gauge and i o n  
s o u r c e ,  (d)  Quadrupole c o l l e c t o r  c u r r e n t  was t h e n  c o n t i n u o u s l y  
p l o t t e d  a g a i n s t  Modulated Bayard-Alpert  gauge c u r r e n t .  

Torr  t o  1 x 10-7 Torr f o r  He",LNe20, N 2 8  and A 4 0  

I o n  c u r r e n t  a t  t h e  quadrupole  collector ( i c )  v s .  p r e s s u r e  (p)  
w a s  found t o  obey t h e  r e l a t i o n s h i p  

i = kpn 
C 

(3.9.3) 

(where k is a c o n s t a n t )  f o r  N28, and Kr84, w h i l e  H e 4  and Ne20 ohey- 
e d  e q u a t i o n  3.9.3 o n l y  i n  t h e  Torr r ange .  A d e c r e a s e  i n  t h e  
exponent  o c c u r r e d  f o r  t h e  l a t t e r  g a s e s  w i t h  d e c r e a s i n g  p r e s s u r e  i n  
t h e  10-9 Tor r  r ange  and w a s  b e l i e v e d  due t o  a l e a k  i n  t h e  system 
which w a s  d i s e o v  r e d  a f t e r  t h e  d a t a  was t a k e n ;  t h e  low i o n i z a t i o n  
e f f i c i e n c y  of  He' and ;Ye20 makes them more s u s c e p t i b l e  t o  these  
problems.  The exponent  n was between 1 .15  and 1 . 2 0  f o r  n i t r o g e n ,  
a r g o n ,  and k r y p t o n ;  f o r  neon and he l ium,  i t  was ,927  and .950, re- 
s p e c t i v e l y .  

A more thorough i n v e s t i g a t i o n  of i o n  c u r r e n t  over  a wider  
p r e s s u r e  range is necessa ry  t o  e s t a b l i s h  t h e  v a l u e  more p r e c i s e -  
l y ;  t h i s  is due t o  t h e  o s c i l l a t i o n s  and d i s c o n t i n u i t i e s  exis-  
t e n t  i n  c o l d  ca thode  d i s c h a r g e s  over  wide p r e s s u r e  r a n g e s .  T h e  
exponent  may t h e n  more closely approximate  u n i t y ,  a s  i t  does i n  
t h e  magnetron gauge.  

3 .10  Performance v s .  Atomic Mass 

3.10.1 S e n s i t i v i t y  v s ,  Atomic Mass - S e n s i t i v i t y  v s .  a t o m i c  
mass TEFTFie g a s e r i n v e s t i g a t e d  is shown i n  TABLE I .  V a l u e s  a r e  
t a b u l a t e d  a t  1 x Torr and 3 x loe9 T o r r ,  which a r e  the .'!::an 
p r e s s u r e  extremes i n v e s t i g a t e d .  S e n s i t i v i t i e s  a r e  d e r i v e d  f r o m  
r e p r e s e n t - a t i v e  ~ u r v e s  drawn from t h e  d a t a ,  ,d l i ich  fo l low the 1 m l a -  
t i o n s h i p  g i ~ e -  by  e q u a t i o n  3 . 9 . 3  

2 3  



The lower p r e s s u r e  v a l u e s  f o r  helium and neon a re  e x t r a p o l a t e d  due 
t o  l e a k  d l f f ~ ( u l t l e y  d i s c u s s e d  i n  S e c t i o n  3.9.2. S e n s i t i v i t i e s  
obtajned a t  1 x 10- Torr  w i t h  t h e  h o t  f i l a m e n t  s o u r c e  opera1,E'd 
a t  a 3 ma emission c u r r e n t  is a l s o  t a b u l a t e d  f o r  comparison; this 
s o u r c e  w a s  a s t a n d a r d  a c c e s s o r y  of t h e  s p e c t r o m e t e r .  R e s o l u t i o n  
for  both hot f i l a m e n t  and co ld  ca thode  s o u r c e s  was approx ima te ly  
1 amu f o r  a l l  v a l u e s  shown. S e n s i t i v i t i e s  have been corrected 
f o r  r e l a t i v e  a tomic  abundances and for Bayard-Alpert  gauge s e n s i -  
t i v i t y  v a r i a t i o n  w i t h  g a s  composi t ion .  The t a b u l a t e d  s e n s i t i v i t i e s  
w e r e  o b t a l n e d  w i t h  a Faraday cup c o l l e c t o r  and a re  t h e r e f o r e  un- 
a m p l i f i e d .  

TABLE I 

Spec t romete r  s e n s i t i v i t y  v s .  atomic mass for hot  f i l a m e n t  
and c o l d  c a t h o d e  ion  sources. L and M i n d i c a t e  l o w  and 
medium m a s s  r ange  r e s u l t s ,  r e s p e c t i v e l y .  

Gas 

4 

20 
He 

Ne 

I?* 

A4 

A4' 

K r a 4  --- 

S e n s i t i v i t y  (ma/Torr ) I 
CCIS 

3 x 10-9Torr 

.077" (L)  

.13a (L) 

. 40  (L) 

.73 (L) 

.38 ( M )  

.74 (M) 

1 x 10-7Torr 

.064 (L) 

.10 (L) 

.82 (L)  

1 . 2  (L) 

.78 ( M )  

1 . 2  (M) 

Hot F i l .  

1 x T o r r  

.042 (L) 

.068 (L) 

I .25 (L) 

.26 ('L) I 

. 29  (M) 

.35 (M) I 
a ( E x t r a p o l a t e d )  



I t  is s e e n  t h a t  CCIS s e n s i t i v i t i e s  exceed t h o s e  of  t h e  ho t  
ca thode  s o u r c e  ove r  t h e  r a n g e  of p a r a m e t e r s  i n v e s t i g a t e d ,  even 
though t h e  h o t  c a t h o d e  s o u r c e  was o p e r a t e d  a t  a r e l a t i v e l y  h igh  
emiss ion  c u r r e n t .  The  s e n s i t i v i t y  advan tage  i n c r e a s e s  w i t h  
a tomic  number; under  low mass range  o p e r a t i n g  c o n d i t i o n s ,  t h e  
CCIS/Hot F i lament  s e n s i t i v i t y  r a t i o  i n c r e a s e s  from 1 .5  t o  4 . 6  
over  t h e  miss r a n g e  4 amu t o  40 amu. Absolu te  s e n s i t i v i t i e s  
r a n g e  from a low of .064 ma/Torr f o r  hel ium t o  a h i g h  of 1 . 2  ma/ 
Torr f o r  k r y p t o n  and a r g o n .  The maximum s e n s i t i v i t y  v a r i a t i o n  
w i t h  p r e s s u r e  f o r  any p a r t i c u l a r  g a s  is a f a c t o r  of  two ove r  t h e  
approx ima te ly  two decades  i n v e s t i g a t e d .  

The s e n s i t i v i t y  v a r i a t i o n  w i t h  mass is caused  by v a r i a t i o n s  
b o t h  i n  t h e  i o n  t r a n s m i s s i o n  of t h e  quadrupole  and i n  t h e  i o n i -  
z a t i o n  e f f i c i e n c y  of  t h e  s o u r c e .  The quadrupo le  manufac tu re r  
s u p p l i e d  e l e c t r o n i c  means for a d j u s t i n g  r e l a t i v e  m a s s  s e n s i t i v i t i e s  
b u t  these c o n t r o l s  were n o t  i n v e s t i g a t e d .  

3 .10 .2  R e s o l u t i o n  v s .  Atomic Mass - Some v a r i a t i o n  i n  r e s o l u -  
t i o n  a s  a ' f u n c t i o n  of mass is o b s e r v a b l e  (See F i g u r e s  11 and 1 2 ) .  
T h i s  is a t t r i b u t e d  p r i m a r i l y  t o  a r b i t r a r y  s e t t i n g s  of t h e  manu- 
f a c t u r e r s  e l e c t r o n i c  s e n s i t i v i t y  c o n t r o l  no ted  above,  s i n c e  sen- 
s i t i v i t y  c a n  be i n c r e a s e d  o n l y  a t  t h e  expense  of r e s o l u t i o n .  

' 0  4 .  DISCUSSION 

The above r e s u l t s  demonst ra te  t h e  c a p a b i l i t y  of  a quadrupo le  
s p e c t r o m e t e r  t o  produce s p e c t r a  w i t h  h i g h  s e n s i t i v i t y  and r e s o l u -  
t i o n  when coup led  t o  a CCIS.  However, t h e  quadrupo le  used  was 
se lec ted  f o r  i ts  commercial  a v a i l a b i l i t y  and does n o t  r e p r e s e n t  
a n  optimum d e s i g n  for a CCIS. An optimum d e s i g n  is d i s c u s s e d  i n  
t w o  p r e v i o u s  r e p o r t s l o s l l ;  a l a r g e r  rf p o t e n t i a l  and l a r g e r  
p h y s i c a l  d imens ions  ( p r i m a r i l y  ro) a r e  r e q u i r e d  t o  accomodate t h e  
l a r g e r  i m  energy  s p r e a d  and l a r g e r  i o n  beam diameter emergent 
from t h e  C C I S .  

An i l l u s t r a t i o n  of  t h e  b e n e f i t s  of a l a r g e r  rf o p e r a t i n g  
p o t e n t i a l  is t h e  improvement r e s u l t a n t  from a s w i t c h  t o  t h e  low 
mass rar,ge from t h e  meaium mass rar~ge ,  d e s e i - i b s d  i n  E z e t f o n  3 . 6 ;  
i t  was no ted  (see F i g u r e  8) t h a t  s e n s i t i v i t y  i n c r e a s e d  a lmos t  a 
f ac to r  of t w o  and t h a t  r e s o l u t i o n  improved from a 10% v a l l e y  peak 
s e p a r a t i o n  of 2 . 5  amu t o  1 .5  amu ( l a t e r  1 . 0  amu and .7  amu, re- 
s p e c t i v e l y ) .  
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( 4 . 1 )  
2.3 x lKZO 

(the cor t s tan t  d e r i v e s  from t h e  use of MKS u n i t s ) .  Low mass r a n g e  
r e s o l u t  i on  and s e u s i t i v i t y  improvement e x i s t s  b w a u s e  t h e  Zlltek 
quadiclpr~le  enp loys  h i g h e r  f requency (5.3 mc) on t h e  low mass r ange  
t h a n  o n  t h e  medium mass r ange  (3.3 m c ) .  I t  can  be s e e n  from equa- 
t i o n  4 . 1  t h a t  ab a r e s u l t ,  the rf p o t e n t i a l  V on  the l o w  mass r ange  
must be i n c r e a s e d  t o  scan t he  same mass numbers common t o  b o t h  
r a n g e s  (10-50 am). However, t h e  larger V rewired for  each  mass 
M increases the t r a p s v e r s e  i o n  ene rgy ,  
t r a n s m i s s i o n ,  acco rd ing  t o  

, a l l o w a b l e  f o r  100% ITTmax 

(4 .2 )  

where A M is the peak w i d t h  at i ts  base. More i o n s  a r e ,  t h e r e -  
fore ac c eptable and s e n s i t i v i t y  and/or  r e s o l u t i o i  is improved. 0 

S e n s i  t i v i  t y  and/or r e s o l u t i o n  improvemeqt r e a s o n a b l y  c a n  be 
expected to c:ontinue by f u r t h e r  i n c r e a s e s  in the r e q u i r e d  rf oper-  
a t i n g  p o t e n t i a l ,  u n t i l  t h e  i o n s  w i t h  t h e  l a r g e s t  Urnax are 
a c  c omoda t ed . 

l n d i c a t i w e  of h i g h e r  s e n s i t i v i t y  c a p a b i l i t i e s  w i t h  l a r g e r  rf 
potentials are results o b t a i n e d  w i t h  a f ami ly  of n i t r o g e n  s p e c t r a  
recorded as a function of r e s o l u t i o n .  Here AM/M was v a r i e d ,  in -  
s tead  of V ,  t o  r educe  t h e  r e s t r i c t i o n s  on U%ax, a c c o r d i n g  t o  
e q u a t i o n  4 . 2 ,  S p e c t r a  were r eco rded  a s  i n  S e c t i o n  3.1, b u t  subse-  
quent  t o  achievement of o the rwise  optimum c c n d i t i o n s  ( excep t  f o r  
!he 4 2 5 ° C  hake! R ~ s i 1 1 t . s  for t h e  l o w  mas5 r ange  a r e  shown i n  
F i g u r e  13. I t  c a n  be s e e n  t h a t  when r e s o l u t i o n  is degraded j u s t  
s h o r t  o f  a p p r e c i a b l e  peak o v e r l a p ,  N2* s e n s i t i v i t y  i n c r e a s e d  a 
fac t9r of m o r e  than 10 .  On t h e  medium mass r a n g e  i t  i n c r e a s e d  
a f a c t o r  of  15. The .82 ma/Torr s e n s i t i v i t y  f o r  n i t r o g e n  a t  .7 amu 
peak s e p a r a t i o n  ( w i t h  1 0 %  v a l l e y )  t h e r e f o r e  might r e a s o n a b l y  be 
expec.tcd t o  approach 10 ma/Torr w i t h  e q u a l  o r  b e t t e r  r e s o l u t i o n  
b y  u t  11 i z i r g  higher r f  p o t e n t i a l s ;  i n c r e a s i n g  quadrupole  d imens ions ,  
PI- imari ly  ro, would a l s o  assiHt s e n s i t i v i t y  improvement. 
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If improved quadrupole  d e s i g n  a l l o w s  e n l a r g i n g  t h e  s o u r c e  
exit a F ' e r t u r e ,  a s t i l l  g r e a t e r  f r a c t i o n  of t h e  soiirc'e's internal. 
%ensitivity ( o i ~ l d  be r e a l i z e d ;  t h e  i o n  c u r r e n t  a t  t h e  ~ c ) u I ~ (  c 
( a t t i o d e <  K 1  and K 2  g i v e  s e n s i t i v i t j e s  i n  t h e  amps/Torr rar?ge. 

0 

5. RECOMMENDATIOHS FOR. FUTURE WORK 

This report, h a s  shown t h a t  t h e  CCIS/Quadrupole s p e c t r o m e t e r  is 
a workable  in s t rumen t  f o r  t h e  a n a l y s i s  of  r e s i d u a l  g a s e s  i n  UHV 
sys t em<.  Some f u t u r e  work is i n d i c a t e d ,  however,  t o  e v a l u a t e  i t s  
performatwe more comple t e ly  and t o  i n v e s t i g a t e  f u r t h e r  improvements. 
Accordjr-gly I any f u t u r e  work should emphasize t h e  f o l l o w i n g .  

5 .1  A d i r e c t ,  s imu l t aneous  comparison w i t h  a s i m i l a r  
h o t - f i l a m e n t  quadrupole  i n  a t y p i c a l  ITHV system. Com- 
p a r i s o n  shou ld  i n v e s t i g a t e  s e n s i t i v i t y ,  r e s o l u t i o n ,  
c l e a n l i n e s s ,  l i n e a r i t y ,  and ease of  o p e r a t i o n .  

5.2 Inves t iga te  I" sponse  of i n s t r u m e n t  to s i n g l e  gas  
s p e c i e s  below Tor r .  Th i s  work shou ld  a t t e m p t  t o  
d e f i n e  i f  p a r t i a l  p r e s s u r e  s e n s i t i v i t y  i s  independent  
of t o t a l  i o n  s o u r c e  p r e s s u r e  below Torr. 

5.3 I n v e s t i g a t e  S/N r a t i o  improvements usin.g a n  
e l e c t r o n  m u l t i p l i e r .  

6 .  PUBLICATIONS 

T h i s  work h a s  r e s u l t e d  i n  a t e c h n i c a l .  paper  p u b l i s h e d  w i t h  t h e  
C o n t r a c t i n g  Agency cognizance .  The r e f e r e n c e  fo r  t h i s  p u b l i c a t i o n  
is : 

Torney ,  F. L.  J r . ,  and Blum, P . :  A Cold Cathode Quadrupole 
Mass Spec t romete r .  Four t een th  Annual Conference on Mass 
Spec t rometry  and A l l i e d  T o p i c s ,  D a l l a s ,  Texas, Ma77 J Y  1966 - 
(ASTM, E-14 ( ! o m i t t e e )  pp. 734-745. 
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APPENDIX A 

SELECTION OF A COMMERCIAL QUADRUPOLE ANALYZER 

C a r e f u l  c o n s i d e r a t i o n  w a s  g iven  t o  t h e  s e l e c t i o n  of a quadru- 
p o l e  mass s p e c t r o m e t e r .  I t  was found t h a t  commercial  i n s t r u m e n t s  
l acked  t h e  optimum c h a r a c t e r i s t i c s  d e s i r e d  f o r  o p e r a t i o n  w i t h  t h e  
c o l d  ca thode  i o n  s o u r c e ;  these c h a r a c t e r i s t i c s  a r e  p r i m a r i l  sen-  

e v e r ,  i t  was concluded t h a t  c o n s i d e r a b l e  c o n t r a c t  e f f o r t  would be  
r e q u i r e d  t o  c o n s t r u c t  and t e s t  a new quadrupole  d e s i g n .  I t  was 
t h e r e f o r e  dec ided  t o  purchase  t h e  most d e s i r a b l e  commercial quad- 
r u p o l e  s p e c t r o m e t e r  and t o  adap t  it t o  t h e  c o l d  ca thode  i o n  s o u r c e ;  
i t  w a s  also decided  t h a t  a commercial i n s t r u m e n t  would have t h e  
advan tage  of  p e r m i t t i n g  a d i r e c t  comparison between t h e  p e r f o r -  
mance of a s p e c t r o m e t e r  u t i l i z i n g  a c o l d  c a t h o d e  s o u r c e  w i t h  one 
u t i l i z i n g  a hot  c a t h o d e  s o u r c e ,  s i n c e  t h e  l a t t e r  comes as s t a n d a r d  
equipment.  

s i t i v i t y  r e l a t e d  and a r e  d i s c u s s e d  i n  p r e v i o u s  r e p o r t s .  1391 i  How- 

S a l i e n t  characterist ics of three commercial  quadrupole  ana ly -  
zers, d e r i v e d  from brochures  and d i s c u s s i o n s  w i t h  t h e  m a n u f a c t u r e r s ,  
are shown i n  TABLE A - 1 .  A l l  three i n s t r u m e n t s  a r e  d e f i c i e n t  i n  
p h y s i c a l  s ize  and i n  magnitude of t h e  rf p o t e n t i a l ;  t w o  of t h e  

s i d e r a b l y  r educe  t h e  p o t e n t i a l  s e n s i t i v i t y  of t h e  CCIS/Quadrupole 
s p e c t r o m e t e r .  

i n s t r u m e n t s  o p e r a t e  i n  a n  u n d e s i r a b l e  s c a n n i n g  mode. These  con- 

I n  d e c i d i n g  which of t h e  t h r e e  t o  p u r c h a s e ,  t h e  A t l a s  d e s i g n  
was d i s c o u n t e d  p r i m a r i l y  f o r  p r a c t i c a l  r a t h e r  t h a n  t e c h n i c a l  
r e a s o n s  (Table  i t e m s  a and b ) .  De l ive ry  t i m e ,  a t  n i n e  months was 
too l o n g ,  Parts, i f  needed,  would a l s o  be a long  t i m e  i n  a r r i v i n g  
s i n c e  t h e  in s t rumen t  is made i n  Europe a n d ,  f o r  t h e  same r e a s o n ,  
s e r v i c i n g  would l i k e l y  be poor .  

Of t h e  two remain ing  u n i t s ,  t h e  U l t e k  i n s t r u m e n t  (manufactured 
by E l e c t r o n i c  A s s o c i a t e s ,  I n c . )  h a s  s u p e r i o r  r e s o l u t i o n *  ( i t e m  c )  ; 

* 
former d e f i n e s  OM a s  t h e  mass s e p a r a t i o n  a t  wh ich  t h e  v a l l e y  be- 
tween peaks  is 10% of t h e  he igh t  of e i t h e r  peak;  t h u s ,  peaks  
s e p a r a t e d  by A M a r e  c l e a r l y  r e s o l v e d ,  V a r i a n ,  however, d e f i n e s  A M 
a s  t h e  f u l l  w i d t h  a t  h a l f  maximum peak h e i g h t ;  peaks s e p a r a t e d  by 
A M a r e  t h e r e f o r e  no t  a s  c l e a r l y  r e s o l v e d .  I f  V a r i a n ' s  A M  is  mul- 
t i p l i e d  by  about  l 1/2  t h e n  i t  as:7umes t h e  same meaning a s  U l t e k .  
T h i s  is  what has been done i n  making t h e  compar isons .  

R e s o l u t i o n  M/DM is d e f i n e d  d i f f e r e n t l y  by Ul t ek  and Var ian .  The 
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0 mass peaks of a d j a c e n t  amu can  be r e s o l v e d  t o  mass 500. I n  t h e  
Var ian  u n i t ,  a d j a c e n t  mass peaks c a n  be r e s o l v e d  o n l y  t o  abou t  
mass 35 i n  t h e  a u t o m a t i c  s c a n  p o s i t i o n  and t o  mass 50 when scan-  
n ing  masnually; a t  100 amu o n l y  mass peaks  3 amu a p a r t  c a n  be 
r e s o l v e d ,  even when scann ing  manually ( i . e . ,  AM = 3 amu); w i t h  
au tomat i c  s cann ing ,AM is 7 1/2 amu a t  mass 100. A s  a r e s u l t ,  
o n l y  U l t e k  meets f u l l y  t h e  r e s o l u t i o n  d e s i g n  g o a l s  w h i c h  have 
been s e t ,  namely r e s o l u t i o n  of  a d j a c e n t  amu peaks t o  mass 100 
such  t h a t  t h e  v a l l e y  between peaks is less  t h a n  10% t h e  h e i g h t  of 
e i t h e r  a d j a c e n t  peak. 

C l t e k ' s  g r e a t e r  p r i c e  (item d )  can  be a t t r i b u t e d  t o  t h e  g r e a t e r  
d imens iona l  and  e l e c t r o n i c  t o l e r a n c e s  r e q u i r e d  f o r  its h i g h e r  r e s o -  
l u t i o n  and t o  i t s  h i g h  rf p o t e n t i a l  and consequent  i n c r e a s e d  power 
r e q u i r e m e n t s .  

I t  was d i f f i c u l t  t o  p r o j e c t  wh ich  u n i t  would have t h e  best 
s e n s i t i v i t y  when coupled  t o  t h e  C C I S .  Ul tek  h a s  t w i c e  V a r i a n ' s  
maximum rf v o l t a g e  ( i t e m  e) which means i t  c a n  a c c e p t  t w i c e  t h e  
r a d i a l  i o n  ene rgy  of t h e  Var ian  u n i t  w i t h  consequent  i n c r e a s e d  
s e n s i t i v i t y .  However, Var ian  has longe r  rods and t h e r e f o r e  w i l l  
a c c e p t  three t i m e s  t h e  a x i a l  i on  ene rgy  of t h e  Ul t ek  u n i t  ( i n d i c a t e d  
by t h e  h ighe r  energy  v a l u e s  o f  i t e m  g i n  t h e  t ab le ) .  V a r i a n ' s  
somewhat larger  c r o s s - s e c t i o n a l  s i ze  ( i n d i c a t e d  by i t e m  f ) ,  where 
ro is t h e  r a d i u s  of t h e  c i r c l e  i n s c r i b e d  by t h e  f o u r  quadrupole  
rods,  means t h a t  t h e  Var ian  u n i t  w i l l  acce t a somewhat l a rger  beam 
diameter ( i n  p r o p o r t i o n  t o  t h e  r a t i o  of r:). 
c r o s s - s e c t i o n a l  a r e a  were t h e  on ly  f a c t o r s ,  Var ian  would have 
somewhat of  a s e n s i t i v i t y  advantage .  However, t h e  lower energy  
l i m i t  i n d i c a t e d  by t h e  manufac tu re r s  ( i t e m  g ) ra i ses  a n  a d d i t i o n a l  
p o i n t .  

I f  t h e  energy  and 

A lower ene rgy  l i m i t  is not  d i s c u s s e d  i n  quadrupole  t h e o r y .  
( I n  t h e o r y ,  l o w  i o n  energy  r e s u l t s  i n  h i g h  s e n s i t i v i t y . )  The lower 
l i m i t  a p p e a r s  t o  e x i s t  p r i m a r i l y  because  of  f r i n g i n g  f i e l d s  a t  t h e  
quadrupo le  e n t r a n c e  and e x i t .  I t  is d i f f i c u l t  t o  see why t h i s  
e f fec t  shou ld  d i f f e r  s o  s i g n i f i c a n t l y  between t h e  two u n i t s  and i n  
p a r t i c u l a r  why t h e  lower l i m i t  (45 e v )  shou ld  be so h igh  i n  t h e  
V a r i a n  u n i t .  Inadequa te  answers were r e c e i v e d  on t h e  e x a c t  mean- 
i n g  of  these  f i g u r e s ;  i f  accep ted  a s  s t a t e d ,  t h e y  i n d i c a t e  U l t e k  
t o  have t h e  s e n s i t i v i t y  advantage .  T h i s  is because t h e  C C I S  i o n s  
predominate  a t  lowe e n e r g i e s  ( a s  i n d i c a t e d  i n  F igu re  10  of t h e  
second f i n a l  r e p o r t f T  and because t h o s e  i o n s  w i t h  s u f f i c i e n t  energy  
t o  overcome a 45 ev  l i m i t  would be l a r g e l y  d i s c a r d e d  by V a r i a n ' s  
s m a l l  r a d i a l  energy  accep tance  l i m i t .  U n f o r t u n a t e l y ,  answers  t o  
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r e l a t i v e  h e n s i t i v i t y  q u e s t i o n s  can o n l y  be c o n j e c t u r a l  aqd  c o u l d  
lw r c 5 o l v c d  o n l y  a f t e r  comparat ive e x p e r i m e n t a l  s t u d y * .  

Another m a j o r -  p o i n t  o f  c o n s i d e r a t i o n  w a s  t h e  s c a n n i n g  mode 
( i t e m  1) whose 1" l a t i v e  advantages  were f u l l y  d i s c u s s e d  i n  a 

t w o  t y p e s  of mass s c a n n i n g ;  i n  one ,  c o n s t a n t  M/AM is m a i n t a i n e d ;  
i n  t h e  o t h e r ,  c o n s t a n t  AM is main ta ined .  The l a t t e r  is p r e f e r -  
a b l e  f o r  the f o l l o w i n g  r e a s o n s :  

p r e v i o u s  r e p o r t  18 From a read-out  p o i n t  of v i ew,  t he re  a r e  

a )  S e n s i t i v i t y  is h i g h e r  because i o n  ene rgy  r e s t r i c -  
t i o n s  a r e  less s t r i n g e n t .  

b') S e n s i t i v i t y  v s . i o n  energy is c o n s t a n t  w i t h  mass. 

c )  Mass peaks  a r e  e q u a l l y  r e s o l v a b l e  o v e r  t h e  
e n t i r e  m a s s  range. 

(The M,/AM mode is by d e f i n i t i o n  called t h e  c o n s t a n t  r e s o l u t i o n  
mode; t h i s  is  m i s l e a d i n g ,  however, s i n c e  peaks  of a d j a c e n t  amu 
of l o w  mass c a n  be more e a s i l y  r e s o l v e d  t h a n  those of h igh  m a s s . )  
Ultek s c a n s  a u t o m a t i c a l l y  i n  t he  des i r ab le ,  c o n s t a n t  OM mode; 
Var ian  scans in t h e  c o n s t a n t  M/ A M  mode, a l t h o u g h  it can be made 
to scan i n  t h e  d e s i r a b l e  mode manually.  

Tn summary, TJltek w a s  i n d i c a t e d  t o  be t h e  p r e f e r r e d  s p e c t r o -  
m e t e r  a s  t o  b o t h  r e s o l u t i o n  and scanning  mode, w i t h  u n c e r t a i n t y  
e x i s t i n g  as t o  w h e t h e r  i t  would have a s e n s i t i v i t y  advantage  ove r  
t h e  VarIan i n s t r u m e n t .  The l a t t e r  q u e s t i o n  was u n r e s o l v a b l e  w i t h -  
o u t  compara t ive  e x p e r i m e n t a t i o n .  Based  on these c o n c l u s i o n s ,  t h e  
U l t e k  s p e c t r o m e t e r  was purchased.  

* 
I t e m  h i n  t h e  table  shows r e l a t i v e  s e n s i t i v i t i e s ,  a t  selected 
v a l u e s  of 1 e s o l u t i o n ,  w i t h  t h e  m a n u f a c t u r e r ' s  own h o t  f i l a m e n t  
s o u r c e s  (without  t h e  a m p l i f i c a t i o n  of a n  e l e c t r o n  m u l t i p l i e r  
t u b e ) .  T h e s e  g i v e  approximate i n d i c a t i o n s ,  a t  b e s t ,  of r e l a t i v e  
v a l u e $  tha t  c o u l d  be expec ted  w i t h  t h e  CCIS; fo r  s i m i l a r  r e s o l u -  
t i o n ,  Ultek s h o w s  t h e  b e s t  s e n s i t i v i t y  and Var i an  t h e  p o o r e s t .  
The pert e n t  t r a n s m i s s i o n  of ions  would be a more u s e f u l  f i g u r e ,  
but i t  w a s  known o n l y  by t h e  Axlas and Var i an  m a n u f a c t u r e r s ;  t h e  
fcwmer g i v e s  a somewhat h i g h e r  va lue .  



APPENDIX B 

QUADRUPOLE PERFORMANCE UTILIZING THE HOT FILAMENT SOURCE 

The  U l t e k / E A I  Model 200  Quadrupole* was o p e r a t e d  i n  acco r -  
dance w i t h  i n s t r u c t i o n s  s u p p l i e d  by t h e  manufac tu re r .  The p r i -  
mary o b j e c t i v e  was t o  e s t a b l i s h  performance comparisons be- 
tween t h e  h o t  ca thode  and cold ca thode  i o n  s o u r c e s  u s i n g  t h e  
same quadrupole  a n a l y z e r .  The f o l l o w i n g  c h a r a c t e r i s t i c s  w e r e  
examined u s i n g  t h e  h o t  ca thode  s o u r c e :  

( a )  S e n s i t i v i t y  v s .  a tomic  mass number. 
(b)  L i n e a r i t y  v s .  p a r t i a l  p r e s s u r e .  

( c )  Reso lu t ion  vs .  mass number from 1 t o  150 amu. 

(d)  Spec t rometer  c l e a n l i n e s s ,  n o i s e ,  and r e s p o n s e  
t i m e  . 

I n  Appendix A ,  it  is noted t h a t  t h e  Ultek/EAI s p e c t r o m e t e r  
a u t o m a t i c a l l y  s c a n s  t h e  mass spectrum i n  t h e  most f a v o r a b l e  mode 
( c o n s t a n t  AM) for t h e  c o l d  ca thode  i o n  s o u r c e  (CCIS). I t  is 
a l s o  impor t an t  t o  n o t e  t h a t  t h e  e n t r a n c e  a p e r t u r e  is n e a r l y  e q u a l  
t o  t h e  dimension ro .  
shows t h a t  t h i s  l a r g e r  a p e r t u r e  c a n  l e a d  t o  a pronounced v a r i a t i o n  
i n  t r a n s m i s s i o n  a s  a f u n c t i o n  of mass number. T h i s  v a r i a t i o n  
would lead t o  exagge ra t ed  peak h e i g h t s  for t he  l i g h t e r  gases ,  

F i g u r e  3 of t h e  f irst  q u a r t e r l y  r e p o r t  l7 a 

One of t h e  main pu rposes  of t e s t i n g  t h e  spectrometer was ,  
t h e r e f o r e ,  t o  d i s c o v e r  how t h e  quadrupole  t r a n s m i s s i o n  v a r i e d  
ove r  t h e  d e s i r e d  mass r a n g e  (1-150 amu). C l o s e l y  r e l a t e d  t o  
t h i s  q u e s t i o n  is  t h e  a b s o l u t e  s e n s i t i v i t y  of t h e  s p e c t r o m e t e r ,  
s i n c e  t h e  product  of t h e  i o n  source  s e n s i t i v i t y  and quadrupole  
t r a n s m i s s i o n  f a c t o r  de t e rmines  t h e  o v e r - a l l  s e n s i t i v i t y .  

* 
Manufactured by E l e c t r o n i c  A s s o c i a t e s ,  I n c .  , P a l o  A l t o ,  C a l i f o r -  

n i a  and s o l d  by U l t e k ,  Corpora t ion  of P a l o  A l t o ,  C a l i f o r n i a .  
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Since  t h e  s e n s i t i v i t y  and r e s o l u t i o n  a r e  i n v e r s e l y  r e l a t ed  i n  
any s p e c t r o m e t e r ,  i t  was f i r s t  necessa ry  t o  set  t h e  s p e c t r o m e t e r  
t o  a p r e s c r i b e d  r e s o l u t i o n  and t o  m a i n t a i n  these c o n d i t i o n s  tI-irough- 
o u t  t h e  t e s t  program, For t h i s  pu rpose ,  t h e  i s o t o p e s  of Xenon a r e  
n e a r l y  i d e a l .  
n e a r l y  t h e  same abundance. Therefore ,  t h e  r e s o l u t i o n  was se t  so  
t h a t  t h e  v a l l e y  between these peaks was 10% of t h e  h e i g h t  of t h e  
Xe132 peak. 
subsequent  tests of  t h e  ho t  f i l a m e n t  quadrupo le .  

0 

X e 1 3 1  and Xe132 a r e  one mass u n i t  a p a r t  and of 

T h i s  now d e f i n e s  and f i x e s  t h e  r e s o l u t i o n  for a l l  

The Ultek/EAI s p e c t r o m e t e r  h a s  three mass r a n g e s :  

Low : 1 - 50 amu 

Medium: 10 - 150 amu 

High : 50 - 500 amu 

The performance h a s  n o t  been s t u d i e d  on t h e  50 - 500 amu r a n g e .  
However, both t h e  "Low" and "Medium" r a n g e s  were s t u d i e d  i n  d e t a i l .  
Be fo re  d e s c r i b i n g  t h e  r e s u l t s  of t h e s e  tests, a b r i e f  d e s c r i p t i o n  
of t h e  test  methods w i l l  be given. 

The s p e c t r o m e t e r  was allowed t o  w a r m  up for  2-3 hours  b e f o r e  
t h e  s t a r t  of each  t e s t .  The e l e c t r o n  emiss ion  c u r r e n t  w a s  set t o  
3 x 10-3 amperes (recommended v a l u e )  and t h e  v a r i o u s  d i a l s  peaked 
for maximum r e s p o n s e  f o r  mass 28 (CO+, N2+). The Modulated Bay- 
a rd-  Alpert gauge w a s  o p e r a t i n g  and was set  t o  t h e  correct emiss ion  
f o r  t h e  gas  b e i n g  t e s t e d .  These emis s ion  v a l u e s  w e r e  d e r i v e d  as 
follows : 

0 

(B2.1) 'n i; = ii x s 
a 

where ii is t h e  correct emis s ion  cu r ren t  f o r  g a s  "A?' and i- is t h e  
correct  emis s ion  f o r  N2 (0.3 ma f o r  MBAG s e n s i t i v i t y  of .OPT amps/ 
Torr). Sn/Sa is t h e  r a t i o  of gauge s e n s i t i v i t y  f o r  n i t r o g e n  and 

"A" r e s p e c t i v e l y .  Th i s  r a t i o  was d e r i v e d  from Dushman 8.z Laf fe r -  
by no rma l i z ing  t h e  s e n s i t i v i t i e s  t o  n i t r o g e n .  A f t e r  a p p r o p r i -  

a t e  sys t em bake-out , gauge o u t g a s s i n g ,  ana  subsequent  pumpdvwn, tiit: 
t es t  gas w a s  a d m i t t e d .  The i o n  pump l o c a t e d  i n  t h e  upper  s e c t i o n  
w a s  v a l v e d  o f f  d u r i n g  t h e  gas admiss ion .  The s p e c t r o m e t e r  was 
c a r e f u l l y  tuned t o  t h e  a p p r o p r i a t e  mass peak .  The fo l lowing  gases 
were a d m i t t e d  i n  t h e  o r d e r  l i s t e d :  H e ,  N e ,  N2, Ar, Kr and X e .  
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0 Thc svc-ttm w a s  permi t t ed  a 24-hour pumping p e r i o d  between expo- 
' . U ~ . C "  l o  ( # a (  1 1  g a s  T h v  r e % i d u a l  system p r e s s u r e  w a s  bctwccrl 
1-2 x 10-9 Toi 1- C,V2) belore  ea(-h g a s  was a d m i t t e d .  An X-Y 
r-e(.(\rdc>r w a s  used t o  p l o t  t h e  observed i o n  c u r r e n t  a t  t h e  s e l e c t e d  
mass a5 a f u n c t i o n  of t h e  Modulated Ba a r d - A l p e r t  Gauge t o t a l  p re s -  
s u r e  of t h a t  g a s .  P r e s s u r e s  UP t o  Torr of t h e  t es t  g a s  w e r e  u s e d .  
Data a t  h i g h e r  p r e s s u r e s  was rlot t a k e n  because  t h e  program emphasis  
is orr 'CIHV measurements.  

Us ing  t h e  method d e s c r i b e d ,  i t  is p o s s i b l e  t o  de te rmine  b o t h  
l i n e a r i t y  and s e n s i t i v i t y  f o r  t h e  s p e c t r o m e t e r ,  ove r  a l i m i t e d  
r a n g e .  T h i s  was done for both t h e  "Low" and "Medium" mass r a n g e s .  
For the i s o t o p i c  g a s e s ,  s u i t a b l e  c o r r e c t i o n s  w e r e  made f o r  t h e  
i s o t o p e  abundances.  Table B-1  summarizes t h i s  d a t a .  

The X-Y r e c o r d e r  t races  d i s p l a y e d  a v e r y  l i n e a r  r e l a t i o n s h i p  
between r e s o l v e d  i o n  c u r r e n t  and p r e s s u r e  fo r  H e ,  N e ,  N2 and Argon. 
For Kr and Xe, a sma l l  amount of n o n - l i n e a r i t y  was n o t e d .  T h i s  
problem was a l s o  observed  du r ing  p r e v i o u s  tests where in  t h e  UHV i o n  
pump was not va lved  o f f .  I n  t h i s  i n s t a n c e ,  t h e  non- l inea r  r e s p o n s e  
was much more pronounced. Although no t  p roven ,  i t  is b e l i e v e d  t h a t  
d e s o r p t i o n  ( w i t h i n  t h e  i o n  pump) of p r e v i o u s l y  pumped gases by t h e  
c a l i b r a t i o n  g a s  produced t h e  observed increase i n  t h e  Bayard-Alpert  
gauge r e s p o n s e .  A s i m i l a r ,  b u t  smaller problem may have occur red  
w i t h i n  t h e  Rayard-Alpert  gauge .  

0 
TABLE B-1 

S e w 1  t i v i t i e s  of Quadrupole  200 for Var ious  Gases 

Gas 
(Mass N o . )  

Sens .  (Low Range) Sens .  (Medium Range) 
(Amps/Torr) (Amps/Torr) 

a t  3 ma a t  3 ma 

0.42 4 

2 0  

He 

Ne 0 . 6 8  x 

2.50 x 
$8 

2.63 4 0  

84 

132 

A I- 

K1- 

Xe 

0.178 

0.45 

1.98 x 

2.86 x 

3.52 

1.42 
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TABLE n-1 d i s p l a y s  some i n t e r e s t i n g  r e s u l t s .  Note t h a t  t h e  
overall spec*trometer  s e n s i t i v i t y  i n c r e a s e s  markedly a s  t h e  maqs 
number i n c r  e a s e s ,  and f o r  t h e  "Medium" mass r a n g e  d e c r e a s e 5  z q a  i n  

a t  Mass 132 ( X e ) .  I t  would be a n t i c i p a t e d  t h a t  t h e  i o n  S(JIUI('C 

s e n s i t i v i t y  would i n c r e a s e  monotonica l ly  w i t h  i n c r e a s i n g  mass 
due t o  t h e  i n c r e a s i n g  i o n i z a t i o n  e f f i c i e n c y  of t h e  g a s e s .  3 t  
would a l s o  be i n f e r r e d  from Figure  3 of t h e  p r e v i o u s l y  mentioned 
q u a r t e r l y  r e p o r t  t h a t  t h e  t r a n s m i s s i o n  e f f i c i e n c y  of t h e  yuadru- 
p o l e  w i l l  f a l l  s h a r p l y  w i t h  i n c r e a s i n g  a s s  number, p a r t i c u l a r l y  
for t h i s  i n s t r u m e n t ,  i n  w h i c h  t h e  rO2/d' v a l u e  is approximate ly  

0 

u n i t y .  

Q u a l i t a t i v e l y  , i t  would be a n t i c i p a t e d  t h a t  the  o v e r a l l  s e n s i -  
t i v i t y  of t h e  spectrometer m i g h t  d i s p l a y  a maximum s e n s i t i v i t y  a t  
some i n t e r m e d i a t e  mass number. T h i s  is because  t h e  o v e r a l l  s e n s i -  
t i v i t y  w i l l  be p r o p o r t i o n a l  to  t h e  p roduc t  of t h e  ionizer s e n s i -  
t i v i t y  and t h e  t r a n s m i s s i o n  f a c t o r .  

Using t h e  d a t a  g i v e n  i n  TABLE B-1, i t  is p o s s i b l e ,  w i t h  cer- 
t a i n  a s sumpt ions ,  t o  d e r i v e  r e l a t i v e  t r a n s m i s s i o n  f a c t o r s  normaliz-  
ed  w i t h  r e s p e c t  t o  n i t r o g e n .  For t h i s  c a l c u l a t i o n ,  t h e  f o l l o w i n g  
r e l a t i o n  is used :  

- - 'a 6, Tr 
3- n s n 

(B2.2) 

I n  t h i s  e q u a t i o n ,  S,/Sn is the  s e n s i t i v i t y  of t h e  i o n i z e r  for 
gas "A" r e l a t i v e  t o  n i t r o g e n .  6. is t h e  abundance f r a c t i o n  for 
t h e  mass b e i n g  r e s o l v e d .  SJSn is t h e  o v e r a l l  s e n s i t i v i t y  of t h e  
spectrometer for the mass peak  be ing  r e s o l v e d  r e l a t i v e  t o  n i -  
t r o g e n .  T, is t h e  t r a n s m i s s i o n  fac tor  f o r  t h e  p a r t i c u l a r  mass 
r e l a t i v e  t o  t h e  n i t r o g e n  t r a n s m i s s i o n .  

Sa/Sn v a l u e s  a r e  d e r i v e d  from Dushman 8z  L a f f e r t y  b y  normaliz-  
i n g  t h e i r  p u b l i s h e d  s e n s i t i v i t y  f a c t o r s  f o r  n i t r o g e n .  The assump- 
t i o n  is made t h a t  t h e  h o t  f i l a m e n t  i o n i z e r  w i l l  exh ib i t  t h e  same 
s e n s i t i v i t y  f a c t o r s .  T h i s  assumption is r e a s o n a b l e  s i n c e  t h e  
e l c c t r s n  energ ies  used  i: t h e  quadriipole i o n i z e r  are  n e a r l y  e q u a l  
to  those used i n  Bayard-Alpert  gauges (90 v o l t s ) .  

Rear ranging  e q u a t i o n  (B2.2) ,  

(B2.3) 
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TABLE B-2 below shows how t h e  r e l a t i v e  t r a n s m i s s i o n ,  c a l c u -  
l a t e d  from t h e  d a t a  of TABLE B - 1  v a r i e s  w i t h  mass number. 

e 
TABLE B-2 

Quadrupole  Transmiss ion  V s .  Mass 
(normalized t o  n i t r o g e n )  

so/s So/' 
(Mass N o . )  6-a (Low ) (Med? ',''a Ga Tr (Low) Tr (Med) 

1 . 0 0  0.168 0.090 6 .45  1.08 0.58 

0.905 0.272 0.227 4 .64  1 . 2 6  1 . 0 7  

4 

2 0  
H e  

Ne 
I 

N228 1.00 1.00 1.00 1.00 1.00 1.00 

1 . 0 0  1.05 1 . 4 5  0.84 0.883 1 .22  A r  

Kr84 0.569 -- 1 . 7 8  0 .95  -- 1 . 6 9  

4 0  

0 0 .269  -- 132 Xe 0.723 1 .36  0 .982  -- 

Using equation (B2.3), t h e  t r a n s m i s s i o n  f a c t o r s  (Tr )  have been 
c a l c u l a t e d  and normal ized  w i t h  r e s p e c t  to  n i t r o g e n .  These f a c t o r s  
a r e  shown i n  t h e  l a s t  t w o  columns of t h i s  t a b l e ,  f o r  b o t h  t h e  
and "Medium" mass r a n g e s  of t h e  i n s t r u m e n t .  I t  is a p p a r e n t  from 
t h e s e  d a t a  t h a t  t h e  quadrupole  t r a n s m i s s i o n  is not  v a r y i n g  w i t h  
mass number i n  t h e  manner p r e d i c t e d  by t h e  t h e o r y .  I n  f a c t ,  i t  is 
remarked ly  c o n s t a n t ,  a t  l e a s t  f o r  t h e  "Low" mass r a n g e .  

The manufac tu re r  ( E A I )  was q u e s t i o n e d  r e g a r d i n g  t h i s  unexpect-  
ed v a r i a t i o n  of t r a n s m i s s i o n  v s .  mass n l m h e r .  I n  a p r i v a t e  cuinmuni- 
c a t i o n ,  i t  was d i s c l o s e d  t h a t  c e r t a i n  b i a s  v o l t a g e s  have been 
p r o v i d e d  i n  t h e  e l e c t r o n i c s  which supp ly  t h e  d-c  quadrupo le  poten-  
t i a l s .  T h e s e  smal l  p o t e n t i a l s  are prov ided  t o  compensate f o r  i n -  
c r e a s e d  quadrupo le  t r a n s m i s s i o n  a t  t h e  low mass numbers o n l y .  
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Cornpensat i n n  is accomplished by e s s e n t i a l l y  improving t h e  r e s o l u -  
t ior a t  t h e  expense of lowered t r a n s m i s s i o n .  The re fo re  ~ t h e  
t 5 ' a v ~ r n L ~ - 1 o - )  for t h e  lower masses c a n  be a d j u s t e d  t o  t w  more 
n e a r l y  equal  t o  t h e  t r a n s m i s s i o n  a t  t h e  h i g h e r  masses .  A w>ti<-e-  
a b l e  r e d u c t i o n  i n  peak w i d t h ,  4 M ,  shou ld  c o i n c i d e  w i t h  t h i s  
r e d u c  t i o n  in.  t h e  t r a n s m i s s i o n  f a c t o r .  

Figures 14 and 1 5  show complete s p e c t r a  of a mix tu re  of i n e r t  
g a s e s  taken  on t h e  ''LOW" (1-50 amu) and "Medium"(l0-150 amu) mass 
r a n g e s  nf  t h e  h o t  f i l a m e n t  quadrupole .  A c a r e f u l  examina t ion  of 
F i g u r e  15 r e v e a l s  some i n t e r e s t i n g  q u a l i t a t i v e  in fo rma t ion .  Xenon 
131 and 132 have been c l e a r l y  r e s o l v e d  w i t h  a v a l l e y  between these 
peaks of approx ima te ly  10%. However, Krypton 82 and 83 have no t  
been a s  w e l l  r e s o l v e d .  A t  t h e  low end of t h e  mass s c a l e ,  t h e  
Hydrogen and Helium peaks  a re  n o t i c e a b l y  more narrow than  t h o s e  a t  
any other p a r t  of t h e  e n t i r e  m a s s  r a n g e .  If these r e s u l t s  are  
c o r r e l a t e d  w i t h  t h e  TABLE B-2 t r a n s m i s s i o n  f a c t o r s  (Medium r a n g e ) ,  
w e  see the  a n t i c i p a t e d  i n v e r s e  r e l a t i o n s h i p  between r e s o l u t i o n  and 
t r anbmiss ion .  S i m i l a r l y ,  a comparison c a n  be made between TABLE 
B-2 t r a n s m i s s i e n  f a c t o r s  and Figure  14.  A s  b o t h  F i g u r e  14 and 
TABLE B-2 show, however, t h e  v a r i a t i o n  i n  r e s o l u t i o n  I s  less for 
t h e  "LQw" mass r a n g e  t h a n  for t h e  "Medium" r a n g e .  

Thus f a r ,  t h e  a b s o l u t e  v a l u e s  of t h e  quadrupole  t r a p s m i s s i o n  
have n o t  been d i s c u s s e d .  I t  is of importance t o  know what these 
a b s o l u t e  r e l a t i o n s  a r e ,  s i n c e  t r a n s m i s s i o n  is c l o s e l y  r e l a t e d  t o  
the  specntrometer s e n s i t i v i t y .  Fur thermore ,  a b s o l u t e  d a t a  shou ld  
be a v a i l a b l e  i n  o r d e r  t o  compare t h e  h o t  and c.old ca thode  i o n i z e r s .  
T h e  a b s o l u t e  t r a n s m i s s i o n  f a c t o r  is d i f f i c u l t  t o  d e t e r m i n e ,  however, 
q i n c e  the  i o n  beam which e n t e r s  t h e  a p e r t u r e  h o l e  canno t  be mea- 
sured d i r e c t l y .  This beam is no t  p e r f e c t l y  c o l l i m a t e d  and there- 
fcwe some ions w i l l  be los t  on t h e  rods and o the r  s t r u c t u r e s  even 
though the quadrupole  v o l t a g e s  a r e  off. Under these c i r c u m s t a n c e s ,  
i t  is n e c e s s a r y  t o  measure t h e  i on  c u r r e n t  a t  t h e  s p e c i f i e d  r e s o l u -  
t i o n  axld a t  zero r e s o l u t i o n .  The t r a m m i s s i o n  f a c t o r  is t h e n  t h e  
r e s o l v e d  c u r r e n t  d i v i d e d  by t h e  un reso lved  c u r r e n t .  I n  making 
t h i s  measurement,  it is impor tan t  t o  measure o n l y  one g a s  a t  a 
t i m e .  Also, a p p r o p r i a t e  c o r r e c t i o n s  must be made for t h e  abun- 
dance of t h e  i 5 o t o p e  be ing  r e s o l v e d .  

0 

I 

T h e  data ;how5 i i i  TAijLE 5-3 below was o b t a i n e d  u s i n g  t h i s  
method of de t e rmin ing  a b s o l u t e  t r a n s m i s s i o n .  
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Low Mass Range Spectrum Taken With The Hot Filament Spectrometer 
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TABLE B-3 

Absolu te  Transmiss ion  V s .  Mass Number 

(Mass No.) 6 a  Ta (Low Range) Ta (Medium Range) Gas 

1 . 0 0  Not Measured 4 H e  

N e  20 0 .905  1 1  11 

N228 

Ar40 

1.00  

1.00 

1 1  1 1  

11 1 1  

1 1  11 Kr84 0.569 

X e  0.269 1 1  I 1  
132 

0 .222  

0 .283  

0 .286  

0.344 

0.435 

0.299 

If t h e  d a t a  of TABLE B-3 is normal ized  for Ta ( n i t r o g e n ) ,  t h e  
r e s u l t s  a r e  i n  r e a s o n a b l y  close agreement w i t h  t h e  v a l u e s  g i v e n  i n  
t h e  Bast column of  TABLE B - 2 .  S i m i l a r  a b s o l u t e  t r a n s m i s s i o n  f a c -  
t o r s  were n o t  de te rmined  for t h e  "Low" mass r a n g e  because  s i g n i f i -  
c a n t  changes  were no t  e v i d e n t  i n  TABLE B-2. 

Thus, i t  is seen t h a t  the performance of t h e  h o t - f i l a m e n t  quad- 
r u p o l e  is i n  agreement w i t h  quadrupole  t h e o r y  and w i t h  t h e  manufac- 
t u r e r v s  s p e c i f i c a t i o n s .  I n  order t o  d e r i v e  q u a n t i t a t i v e  r e s u l t s  
from t h e  i n s t r u m e n t ,  more a t t e n t i o n  shou ld  be g i v e n  t o  t h e  p rope r  
ad jus tmen t  of t h e  c o n t r o l s  w h i c h  e f fec t  quadrupole  t r a n s m i s s i o n  and 
r e s o l u t i o n  for t h e  l i ghter  gases.  
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